Abstract
Introduction
In minimally invasive surgery, the lack of direct tissue palpation, as a result of the use of laparoscopic gaspers, has significantly changed the haptic perception of surgeons. Thus, surgeons must plan their actions based on distorted haptic feedback perceived through instrument handles. 1 Haptic feedback is hampered by mechanical backlash and friction in instruments. [2] [3] [4] Indeed, studies have shown that haptic feedback is drastically reduced in minimally invasive surgery and that the remaining haptic feedback might well lack any clinical relevance. 5, 6 Expert surgeons might base their actions on so-called visual haptics, where forces and tissue consistencies are estimated through visual feedback from instrument-tissue interactions. 7 However, both visual and haptic feedback are required for the best performance. [8] [9] [10] Literature reviews have suggested that the implementation of enhanced haptic feedback might improve surgical safety and efficiency [11] [12] [13] and provide multiple benefits to surgical performance. Based on the principles of haptics, 14, 15 one benefit is that tissue consistencies can be better estimated; this capability can be particularly useful in differentiating abnormal from normal tissues. 16 Another benefit is that accurate haptic feedback about tissue properties may enable surgeons to improve control and reduce the interaction forces between the instrument tip and the tissue. 10, 17 This feature may prevent accidental tissue damage. 18 Moreover, increasing the usability of laparoscopic instruments might reduce strain in the surgeon's hand and improve ergonomics in minimally invasive surgery. 19 Furthermore, enhanced haptic feedback might provide the 1 Radboud University Medical Center, Nijmegen, Netherlands 2 Riverland Hospital, Tiel, Netherlands benefit of arterial pulse detection, which could facilitate a targeted arterial approach or prevent accidental dissection of arteries that are hidden within structures. With these combined benefits, the implementation of haptic feedback could eventually reduce the time required to complete surgery, reduce complications, and reduce the number of cases converted to open procedures. In addition to these theoretical assumptions, laparoscopic experts have confirmed the added value of haptic feedback. 20 These potential clinical benefits were pursued with the development of a new laparoscopic grasper with enhanced haptic feedback, the Force Reflecting Operation Instrument (FROI; Figure 1 ). An iterative design approach, based on close cooperation between surgeons and engineers, and extensive laboratory testing have refined the FROI into a fully functional instrument with real-time haptic feedback. Haptic feedback was accomplished with the introduction of optical fiber Bragg grating technology. This technology provides haptic feedback in a natural and intuitive way through a resistance mechanism in the trigger of the instrument handle instead of additional visual feedback, audio cues, or vibrations. The FROI was validated for its abilities to reduce force and enhance tissue recognition in a previous experimental study. 17 As an added element, the FROI does provide an audio warning when a surgeon exerts grip forces associated with tissue damage and has a mechanical break that activates when the grip force is passing a prespecified limit. However, its utility in a clinical setting remains to be validated. Therefore, this study aimed to assess the functionality of the FROI compared with a conventional grasper in a porcine model and an in vivo setting.
Methods
In compliance with the Dutch policy on animal studies, the design of this experiment was first controlled by the local animal welfare officer of the Central Animal Laboratory of Nijmegen. Thereafter, the study was approved by the Dutch Central Authority for Scientific Procedures on Animals.
Participants
Surgeons of several disciplines and different nationalities participated, including specialists in gastrointestinal surgery, urology, gynecology and veterinary surgery. Surgeons were invited by one of the authors and compensation for travel expenses was provided.
Experimental Design and Procedure
A standard laparoscopic surgical setup (provided by Olympus Nederland BV, Leiderdorp, Netherlands) was used to perform laparoscopic surgery on 3 female farm pigs (approximately 60 kg). Each pig was used on a different day. A minimum of 6 and at most 10 surgical procedures were conducted on each pig. All procedures were performed under the supervision of a zoological analyst. A randomized, 2-period crossover trial was conducted. All participants performed one type of laparoscopic procedure twice; a participant might perform 2 partial small bowel resections, 2 partial ureter dissections, bilateral hemi-hysterectomy, or bilateral ovarectomy. In randomized order, each surgeon used the FROI once and the conventional grasper once to perform the lifting and grasping part of the procedure. Neither instrument was equipped with a ratchet lock. Additionally, surgeons were provided with a cutting and dissecting device (Thunderbeat, Olympus Medical Systems Corp, Tokyo, Japan). All participating surgeons were assisted by a first assistant and a scrub nurse (Figure 2 ). 
Data Collection
All data were collected by means of 4 questionnaires. The first questionnaire collected demographic data, including nationality, specialty, age, surgical glove size, dominant hand, years of experience in laparoscopy, and the number of laparoscopic cases performed per month. To control for variations in the demand and complexity of procedures, surgeons were instructed to complete the NASA Task Load Index (NASA-TLX) immediately after each procedure. The NASA-TLX is a multidimensional scale designed to estimate the workload of one or more operators, assessed during or immediately after performing a task. The index includes the domains of Mental Demand, Physical Demand, Temporal Demand, Overall Performance, Frustration Level, and Effort. The NASA-TLX has been validated, and it is widely used for evaluating surgical procedures. 21, 22 In addition, we added the subscale "task complexity" based on the surgery TLX (SURG-TLX), which is a derivative of the NASA-TLX. 23 The third questionnaire was completed immediately after the surgeon finished both procedures. Participants were asked to assess 5 specific features ( Figure  3 ) of the laparoscopic graspers on a semantic, 6-point Likert scale, which ranged from 0 to 5. Additionally, participants were asked to anticipate 4 potential effects of the FROI application, compared with effects of the conventional grasper, in human clinical scenarios. The effects were also rated on a 6-point Likert scale ( Figure 4 ). The fourth questionnaire was designed to capture opinions regarding the overall experience with the FROI compared with a conventional grasper. Participants were asked to complete 8 open questions (Table 1) .
Statistics
Statistical analyses were performed with IBM SPSS Statistics 22 (SPSS, Inc, Chicago, IL). Wilcoxon signedrank tests were used to compare nonparametric paired data for both NASA-TLX scores and instrument feature assessments. A P value <.05 was considered statistically significant.
Results
A total of 11 male laparoscopic specialists participated in this trial, including 4 gastrointestinal surgeons, 4 gynecologists, 2 urologists, and 1 veterinary surgeon. The surgeons were from the Netherlands, Belgium, Germany, and the United Kingdom. Eight surgeons were righthanded, 2 were left-handed, and 1 was ambidextrous. The surgical glove sizes were 8.0 for 8 surgeons and 7.5 for 3 surgeons. The average age was 51 years (SD = 12), and the average years of experience in laparoscopic surgery was 19 years (SD = 11). The average laparoscopic caseload per month was 22 cases (SD = 16).
In all, 24 procedures were conducted (12 with each grasper), including 10 partial bowel resections, 6 hemihysterectomies, 2 ovariectomies, and 6 partial ureter Surgeons were asked to assess 4 potential effects of the FROI application in clinical scenarios compared with the current surgical setup on a 6-point Likert scale. Figure  4 shows the overall distribution of responses.
The final questionnaire (Table 1 ) asked surgeons to describe their overall impressions. Six participants mentioned that the FROI improved soft-tissue handling because it provided more accurate feedback on tissue resistance. Additionally, 4 surgeons appraised the technology as a promising addendum for surgery. According to 5 surgeons, the effectiveness of the FROI was limited by the grasper tip design. Although the technology could adequately prevent applications of excessive force, the grasper tip design interfered with performance because the tissue slipped relatively easily out of the grip. In all, 10 participants confirmed that the FROI assisted in tissue recognition, diagnosis, and differentiation, but 1 participant observed no difference compared with the conventional grasper. Nine participants confirmed that the FROI could be useful for minimizing tissue damage in human surgery, but 1 participant did not support this finding, and 1 participant doubted the relevance. The FROI was perceived to be comfortable for use by 6 participants, but 4 participants mentioned that the weight of the grip was a drawback. However, the weight was perceived as less of a problem intra-abdominally because the trocar eases the weight of the instrument. Also, 10 participants were interested in using the FROI in human surgery. The specific procedures they mentioned included the following: bowel resection and intestinal handling, pancreatic surgery, retroperitoneal dissection, endometriosis surgery, cystectomy, tubal surgery, radical prostatectomy, total or partial nephrectomy, dividing the renal pedicle, and complex situations in general. Responses were quite ambiguous to the question of the potential learning curve benefits. Three respondents explicitly stated that they expected a shortening of the learning curve; 3 other respondents interpreted the question in a different way. They stated that haptic feedback would be of significant importance in estimating force applications and appreciating tissue resistance. Four respondents remained undecided. Although it was mentioned that the jaws of the FROI's grasper tip should be improved, no safety issues during this study were reported, and no safety issues were reported to be anticipated in future use. Overall, 9 participants confirmed the clinical relevance of the FROI; 1 participant did not consider it clinically relevant, and 1 remained undecided. Additionally, it was mentioned that the effect of the FROI would be particularly interesting in complex procedures.
Discussion
This study was conducted to assess the functionality of the FROI compared with a conventional grasper in an in vivo setting. It was found that features, including tissue consistency sensation and force control, were assessed superior for the FROI compared with conventional graspers. Additionally, the FROI enabled arterial pulse detection through haptic perception. No benefits were found for reducing the time to complete surgery or alleviation of muscular strain.
The fact that the FROI was rated superior in subjective tissue recognition compared with the conventional grasper might provide several clinical benefits. As mentioned before, laparoscopic surgery tools drastically reduce haptic feedback compared with open surgery. Briefly, grasping actions are controlled by the central nervous system (CNS). To initiate and correct grasping actions, the CNS sends signals through efferent nerves to execute muscle contractions or relaxations. When we interact with objects, receptors in the skin, muscles, tendons, and joints detect pressure, texture, position, movement, and force, among other sensations. Afferent nerves send these sensory signals to the CNS. The motor control system uses these sensory signals (sensory-motor coupling) to adjust or maintain a grasping action.
14, 15 The principle of sensory-motor coupling substantiates our findings of improved tissue consistency recognition and force control when using enhanced haptic feedback as presented by the FROI.
When a grasping motion is attempted, the sensorimotor system can sense the outcome of that grasping motion and compare it with the desired or predicted outcome. This process is called error-based learning. 24 When a mechanical grasper does not provide detailed perception through haptic feedback, there is no information to justify a correction (learning) in force application. In the present study, the participating surgeons responded ambiguously regarding the potential benefit of haptic feedback on the learning curve of laparoscopic surgery. However, Wottawa et al 25 showed that the implementation of haptic feedback resulted in a significant reduction of force; therefore, haptic feedback enhanced the surgeon's control over instrument-tissue interaction forces compared with the conventional (baseline) setting. However, more research is needed on this topic-for example, to evaluate retention during a long-term follow-up study or to estimate the number of training hours necessary to increase efficacy in soft-tissue handling.
In the late 1990s, a hybrid surgical procedure was introduced, known as hand-assisted laparoscopic surgery (HALS). During HALS, one of the (assisting) surgeon's hands is introduced into the abdomen, next to the laparoscopic trocar, to estimate tissue consistency and to separate tissues. Although we observed variation in the assessments of potential effects on clinical scenarios (Figure 4) , several previous studies noted the added value of the intra-abdominal hand, which provided a tactile sense in the procedure. [26] [27] [28] [29] Haptic feedback availability in future laparoscopic instruments will likely increase the number of patients who receive a minimally invasive surgical approach. Consequently, it is expected that the length of hospital stay and postprocedure pain will decrease and the overall quality of life will improve. Moloo et al 30 compared the perioperative outcomes of laparoscopic and HALS approaches for colorectal resections. Based on 3 randomized controlled trials, they found that conversion rates were significantly decreased in patients who underwent HALS. 30 That finding supported the hypothesis that improved haptic feedback in laparoscopic surgery could also lead to fewer conversions to open surgery. However, more research is necessary, particularly for surgical procedures that require highly delicate tissue manipulations (eg, pancreatic surgery or endometriosis surgery), as indicated by the participants of the present study.
Haptic feedback on tissue properties is lost in robotic surgical systems; therefore, the implementation of haptic feedback in robotic surgery might be the next most important development in minimally invasive surgery. 31 A recent experiment demonstrated that the integration of tactile feedback reduced grasping forces and significantly reduced the overall incidence of tissue damage. 32 Additionally, Pacchierotti et al 33 showed that haptic feedback benefited palpation and detection. With their add-on tactile sensors in a Da Vinci heart model, they concluded that fingertip deformation feedback significantly improved palpation performance by reducing the task completion time and the pressure exerted on the heart model compared with palpation without haptic feedback. Furthermore, they observed a reduction in the clinician's absolute error rate during palpation. In the next decade, robotic systems with integrated haptic feedback must prove their value in real operative settings.
Although the majority of participants appraised the overall technology of the FROI as clinically relevant, there were 2 main design elements that required improvement. First, the grasper tip design was suboptimal during the test. Tips should be adapted in the follow-up version of the FROI to prevent tissue tears, caused by slippage, and tissue trauma, caused by sharp edged jaws. 34, 35 The FROI is built on platform technology; therefore, at any point in the procedure, it is possible to change the instrument shaft, including the grasper tip, to enable the application of different jaw designs and fenestrations for specific scenarios. The second design element was the weight of the instrument, which was considered heavy compared with the conventional grasper. However, intraoperatively, the trocars reduced the perceived weight. Additionally, the use of an ergonomic pistol grip can distribute the weight of the instrument over the hand to provide stability.
This study had some limitations. First, although the participants in this study were all experts in laparoscopic surgery, the number of participants was rather small. However, the small number was unavoidable because of the 3 rules of thumb for the design of animal studies in the Netherlands (substitution, reduction, and refinement). These rules were established to avoid excessive use of animals in experimental studies. Another limitation was that all participants used glove size 7.5 or 8.0; surgeons with either smaller or larger glove sizes might have evaluated the FROI differently. 36, 37 Additionally, the durations of the surgical procedures were short (5 to 15 minutes). The duration might have affected the outcome on the effect of the FROI on muscular strain in the hand and the effect on operation time. Based on previous ergonomics studies on handle designs, 38 we hypothesize that the use of the FROI might eventually have an effect on reducing strain in the hand, particularly in the thenar region. However, objective electromyography studies should be conducted to investigate this hypothesis further, especially with a study population that includes surgeons with relatively small and large hands. The increase in functionality through enhanced force control and increased tissue consistency sensation suggested that the time to complete surgery might have been reduced; however, this hypothesis can only be validated with future clinical studies in a human, in vivo setting. Finally, the results of this study were subjective as a consequence of the study design, and they should ideally be correlated with objective measurements. Objective tissue analyses are of special interest in the research and development trajectory of haptic feedback technology in surgery and should be addressed in future studies.
In conclusion, this study showed that the FROI approach increased the level of force control, increased the ability to sense and compare tissue consistencies, and enabled the surgeon to detect arterial pulsation. Moreover, we validated the functionality of haptic feedback technology, as represented by the FROI, in an in vivo setting. We also elucidated drawbacks that remain to be overcome with the FROI. In future, the value of the FROI must be proven in a human operation setting.
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